In mice, inhalation of formic, acetic, propionic and butyric acid caused a rapid decrease in the respiratory rate, which decreased to a stable level during the remaining part of the 30 min exposure period; this was due to sensory irritation. The concentration decreasing the respiratory rate (RD) by 50% (RD50) was 438, 308, 386 and 285 ppm, respectively, which allowed an adequate prediction of the Threshold Limit Values. In mice inhaling through a tracheal cannula, bypassing the trigeminal nerves, caused a slower decrease in respiratory rate due to pulmonary irritation. In the low concentration range, the pulmonary irritation response was less pronounced than the sensory irritation response. As the response in the normal (non-cannulated) mice was not influenced by pulmonary irritation, sensory irritation is the key effect, presumably due to the scrubbing effect of the upper airways, preventing access to the lungs. The activated receptors were in a non-lipophilic (hydrophilic) environment, from where the receptors may be activated by means of liberated protons. At the RD0, formic acid may, at least partly, activates ASIC, TRPV1 and TRPA1 receptors, whereas acetic, propionic and butyric acid may activate ASIC and TRPA1 receptors, based on the estimated pH in the mucus layer.
Introduction
Sensory irritation of eyes and upper airways is typically known from exposures to tear gases and high concentrations of industrial chemicals as formaldehyde, hydrogen chloride, sulphur dioxide and ammonia, causing painful, burning, stinging and itching sensations (c.f. Doty et al., 2004; Nielsen and Wolkoff, 2017) . Sensory irritation is a neurogenic effect caused by activation of C and A δ fibers (Doty et al., 2004) , which mediate pain sensations (Julius and Basbaum, 2001 ). Sensory irritation is the critical effect at setting of about 40% of the occupational exposure limits (Brüning et al., 2014; Nielsen and Wolkoff, 2017) and thus, it constitute a highly important endpoint (Brüning et al., 2014) . Additionally, sensory irritation is the critical effect at the setting of the indoor air guideline for formaldehyde (WHO, 2010) and it is a critical effect at setting of outdoor air standards (Kuwabara et al., 2007) .
Limited in vivo data are available on sensory irritation of shortchained organic acids and many of the data are from brief exposure studies as summarized below. In cats, trigeminal nerves innervate the cornea, among others, by thin myelinated polymodal sensory nerve (A δ ) fibers. By acetic acid stimulation (pH: 4.5-6.0), the A δ fibers responded by a fast insertion of discharge spikes that reached a maximum after 3 s and then desensitized completely or partially, where a low-frequency activity remained until the test solution was washed away 30-60 s later. The receptive site was extracellular as citric acid had the same excitatory effect as acetic acid at a similar pH. Repeated stimulation elicited a response that tended to build up more slowly and lasted longer (Belmonte et al., 1991) . In rats, 50-min exposure to acetic acid caused an increase in nasal vasodilation, at least partly, due to activation of the nasal sensory nerves (Stanek et al., 2001) . Also in rats, 10 s inhalation-exposure to vapours of propionic acid activated the trigeminal nerves (Silver and Moulton, 1982) . Furthermore, flushing the rat nose with formic, acetic and propionic acid caused activation of the trigeminal nerves in a concentration-dependent manner (Wang et al., 2011) . In mice, a 10-min inhalation-exposure caused a decrease in respiratory rate due to activation of the trigeminal nerves (Symanowicz et al., 2004) .
In humans, the nasal lateralization threshold for formic and acetic acid was 57 and 40 ppm, respectively (Van Thriel et al., 2006) , which is an objective measure of sensory irritation at sniff exposure conditions. Furthermore, a 2-sec stimulation with acetic acid vapour caused a stinging and burning sensation in the nose where the former sensation was the most prominent. Additionally, repeated 2-sec exposures with 45 s in between stimuli caused desensitization (Jacquot et al., 2005) . A 10-sec inhalation of acetic acid vapour caused a concentration-dependent increase in irritation and odour sensations, an increase in the break before exhalation, a decrease in tidal volume, but no change in the nasal cross-sectional area (Warren et al., 1992 (Warren et al., , 1994 ; the decrease in tidal volume occurred at > 10 ppm acetic acid in the air and had a close correlation to the nasal irritation (Warren et al., 1994) .
The nasal lateralization threshold for propionic acid was 38 ppm in humans (Van Thriel et al., 2006) . In anosmics (individuals without odour perception), the sensory irritation threshold was 25 ppm in one study (Warren et al., 1994 ) whereas a lower value (11 ppm) was reported in another study (Kendal-Reed et al., 1998) . By 15-sec inhalation of propionic acid in the concentration range from 0.16 to 59 ppm, the reported odour and nasal irritation intensity increased monotonously in normal subjects. In anosmics, nasal irritation occurred at 59 ppm, but not at 8 ppm. The duration of a respiration decreased (considered a trigeminal effect) at 59 ppm but not at 8 ppm in normal and anosmic subjects. Analysis of the first 2 s of the exposure period showed a 14% decrease in airway ventilation at 8 ppm with a further decrease at 59 ppm in the normal individuals. In anosmics, a 19% decrease was observed at 59 ppm, but no decrease was observed at 8 ppm. In the normal individuals, the ventilation response was considered a mixed olfactory and trigeminal response (Walker et al., 2001) .
Sensitivity of subjects with seasonal allergic rhinitis was investigated by comparison with non-allergic subjects. The exposure was with 15 ppm acetic acid for 15 min. The allergic subjects developed an increase in nasal airway resistance (mean ∼30%), whereas the nonallergic subjects showed no significant change. The irritation symptom score was similar in the two groups and the rating was about "slight" (Shusterman et al., 2005) , suggesting a modest influence of rhinitis.
Overall, the short exposures are suggesting a lowest No Observed Adverse Effect Concentration (NOAEC) of about 10 ppm by the acids. However, as they don't account for a potential time-effect over longer exposures (Doty et al., 2004) , these studies are not sufficient for setting environmental, indoor or occupational exposure limits or guidelines. Our previous study (Nielsen et al., 1996b) together with the controlled chamber studies (Ernstgård et al., 2006; Hey et al., 2009; Pacharra et al., 2016) can qualify setting of the exposure-limits for the acids. The experimental data from our previous study is presented below. It is an inhalation study in mice conducted with the purpose to evaluate the potency of vapours of the acids as sensory and pulmonary irritants as well as for selected systemic effects. The study was conducted twenty two years ago and only described in a short Danish research report by the funding agency (Nielsen et al., 1996b) . The method followed the Standard ASTM method E981-84 (ASTM, 1984; Nielsen et al., 1996a) . We are not aware of that similar data have been published for formic, propionic and butyric acid since our study in 1996. In this article, the interpretation of the data have been updated in the frame of the current knowledge to provide risk assessment relevant data and it is attempted to establish biological activation mechanisms for airborne exposures to the acids.
Materials and methods

Chemicals
Formic acid (≥98%), acetic acid (≥99.8%), propionic acid (99%) were from Merck and butyric acid (99%) was from Fluka. Physicochemical parameters are listed in Table 1 .
Animals and housing
Male Ssc: CF-1 mice were obtained from Statens Seruminstitut, Denmark. The mice were placed in polycarbonate cages with sawdust bedding. Food (Altromin nr. 1324) and tap water were available ad libitum. The light:dark cycle was 12:12 h.
For exposure of mice via a tracheal cannula, mice were anesthetized with 50 mg/kg body weight of sodium pentobarbital i.p. A tracheal cannula was inserted, secured by a suture, and the skin incision was closed with cyanoacrylate glue. Each mouse was inserted in a plethysmograph and was allowed to recover before the exposure (Nielsen et al., 1996b) . Each exposure used a new group of 4 mice.
The study was in accordance with the permission by the Danish Animal Inspectorate.
Generation of gas-air mixtures
A dynamic exposure system was used. The gas-air mixtures were generated by means of an aerosol generator and the aerosols were mixed with dilution air; the aerosol generator was heated to secure complete evaporation of the acids. The acids were feed into the aerosol generator by means of a motor driven pump (ASTM, 1984) . The gas-air mixture was led to a 3.3-l whole glass exposure chamber with four attached plethysmographs for accommodation of mice (ASTM, 1984) . The nominal concentration in ppm (ml gas per m 3 gas-air mixture) was obtained from the evaporated amount of acid and the gas-air flow through the chamber, which was monitored by Fischer & Porter precision flowmeters; the flows varied from 18.6 to 26.6 l/min. The nominal concentration (C ppm) was calculated by means of the equation:
The infusion rate into the aerosol generator is V (ml/min), the density of the liquid acid is ƍ (g/ml), 24.45 is the molar volume (l/mol) of an ideal gas at 25°C, M is the molecular weight (g/mol), and F (l/ min) is the airflow through the exposure system. Additionally, the chamber concentrations were monitored continuously by infrared spectroscopy (ASTM, 1984; Nielsen et al., 1996a) . The difference between the nominal and the monitored exposure concentrations was normally less than 10%.
Exposure conditions
Each mouse was inserted into a body plethysmograph, which was attached to the exposure chamber. The head of the mice protruded into the exposure chamber. Four plethysmographs were attached to the chamber. The respiratory rate and the relative tidal volume of each mouse were obtained continuously from the attached pressure transducer to each plethysmograph. Data were recorded on a dynograph and collected by a computer and mean values of each 1-min period was used in the data analyses. After normal mice being inserted into the plethysmographs, a period for settling down (∼10 min) of the mice was used. After that, a pre-exposure baseline period of 10 min was recorded, which was followed by an exposure period (30 min) and a 20-min recovery period (ASTM, 1984; Nielsen et al., 1996b) .
Evaluation of respiratory effects
In mice, substances that activate the trigeminal nerves in the upper Budavari et al. (1996) . b From Di Carlo (1990) . c From Takahashi et al. (1971) . d The Ostwald solubility coefficient in water (L w ) at 298 K. The value for formic acid was derived from Clegg and Brimblecombe (1990) . Other values are from Abraham et al. (1994) . e Log octanol-water partition coefficients from Sangster (1989) . f Calculated log octanol-gas partition coefficient: log Po/g = log Po/w + log L w .
airways cause a decrease in respiratory rate due to a break between the end of inspiration and the onset of the expiration (Alarie, 1981; Nielsen and Alarie, 1982; ASTM, 1984) , causing a characteristic "sensory irritation pattern" on the dynograph recording. In mice, activation of lung receptors also decrease the respiratory rate, which is due to a pause between the end of expiration and the beginning of the next inspiration, which appears as the characteristic "pulmonary irritation pattern" on the dynograph recording (Alarie, 1981; Nielsen and Alarie, 1982; Nielsen, 1994a, 1994b) ; a bradypnoea response may be mediated by activation of vagal P2ry1 afferents, which are A fibers, capsaicin insensitive, and which innervate the neuroepithelial bodies (Chang et al., 2015) . An activation of the P2ry1 fibers does not influence the tidal volume (Chang et al., 2015) . The pulmonary irritation pattern may be preceded by a short rapid shallow breathing response (Alarie, 1981) . A rapid shallow breathing response, which increases the respiratory rate and decreases the tidal volume, is observed by activation of the vagal Npy2r afferents, which are C fibers, capsaicin sensitive, and which are situated near the alveoli (Chang et al., 2015) . However, as a rapid shallow breathing response was not observed, this type of response is not considered. Both normal and cannulated mice showed body movements in the plethysmographs, indicating that neither anaesthesia nor asphyxia participated in the decrease in respiratory rate or influenced the tidal volume (c.f. Nielsen and Alarie, 1982; Hansen and Nielsen, 1994a,b) . Thus, as these systemic effects were not observed, the analyses are limited to airway effects.
Exposure-response relationships
The time-response relationships were shown as the ratio between the exposure-effect and the effect in the pre-exposure baseline period (Fig. 1) . The concentration-effect relationships were established from the maximum decrease during a 1-min period in the first 10-min of the exposure period. The decrease in respiratory rate and the log of the exposure concentration were linearly related both in normal and cannulated mice as illustrated from the formic acid exposures (Fig. 2) . The concentrations causing a 50% decrease in respiratory rate (RD50) were obtained by least-square linear regression analysis and used to predict the Threshold Limit Values (c.f. Nielsen and Wolkoff, 2017) .
The RD0 value, obtained by the least-square regression analysis, approximates the NOAEC of the reflexively induced decrease in the respiratory rate (c.f. Nielsen and Wolkoff, 2017) . Also, the RD0 is proportional to the apparent receptor-agonist dissociation constant, why the RD0 values are especially relevant for the mechanistic studies (c.f. Nielsen, 1994a, 1994b) . Furthermore, as the RD0 concentrations are at the lowest end of the animal exposure concentrations, they are as close as possible to the human environmental Fig. 1 . Representative time-response relationships for the respiratory rate at exposures to vapours of formic, acetic, propionic and butyric acid in normal (n; noncannulated) and cannulated (c) mice. Each response curve is the mean value of four mice. and occupational exposures and thus, facilitating evaluation of the human relevant exposure mechanisms.
Receptor or receptor compartment properties considered here to explain the results
Receptor compartments or binding sites can be hydrophobic or hydrophilic. For several homologous series of compounds as alkylbenzenes (Nielsen and Alarie, 1982) , alcohols (Hansen and Nielsen, 1994a) , n-methyl ketones (Hansen and Nielsen, 1994b) and n-alkylamines apply that the sensory irritation potency of the compounds increase with their lipophilicity, indicating a lipophilic receptor site or receptor compartment (Nielsen et al., 1990) . In this case, the lipophilicity of the compartments can be probed by means of homologous series due to the lipophilic property of the -CH 2 -group, which increases the distribution to a lipophilic site or compartment (Nielsen et al., 1990) . This resulted in an increase in the potency by a factor of about 2 between a compound and the next member of the homologous series as estimated from the RD50s for the alkylbenzenes and the RD0s for the alcohols and the n-methyl ketones. The potency increased in mean by a factor of about 3 for the n-amines, which was estimated from the RD0. Thus, an increase in potency of about 2 or more suggests an activation by a lipophilic receptor or activation of a receptor in a lipophilic phase. Opposite, if the increase in potency is much lower than 2, the receptor is not considered activated from a lipophilic compartment. Furthermore for lipophilic receptor sites or compartments apply that the participation between the receptor phase or compartment and the inhaled concentration in the air phase may be approximated by the octanol-air partition coefficient (Nielsen et al., 1990) .
To further evaluate the properties of the receptor or receptor phase properties, equilibrium between the RD0 concentrations and concentrations in a water phase and in the mucus phase was assumed. Additionally, we estimated the pH at the equilibrium concentrations in these phases. First, the RD0 (ppm) was converted to mol/l ( The pH in a water phase in equilibrium with the RD0 is obtained from pH = ½ pKa -½ log [HA] H2O , where pKa is from Table 1 . The estimated pH is a lower boundary of the pH in the mucus as there is no buffer capacity in water, which is opposite to that in the mucus.
A more physiological relevant pH may be obtained from the equilibrium concentration in the mucus layer, considering, the neutralising compounds in the layer. Mucus is composed of water, glycoproteins (mucins) and other proteins, sloughed epithelial cells, DNA and inorganic salts (Bansil and Turner, 2018; Taherali et al., 2018) . The total concentration of all solids in mucus are about 3% in normal mucus and higher at hypersecretion and dysregulation (Fahy and Dickey, 2010) . Glycoproteins are present at a concentration of 1-5% (Bansil and Turner, 2018) . The buffer capacity of the airway mucus is mainly due to the mucus proteins and HCO 3 − (Fischer and Widdicombe, 2006; Kim et al., 2014) . The pH of the tracheal mucus is about 7 in ferrets (Robinson et al., 1989) , which is similar to the pH of the bronchial mucus in children (Schultz et al., 2017) . Also, the pH of the nasal mucus in mice is about 7 (Fischer and Widdicombe, 2006) , why the pH of the mucus is accepted to be 7 in the further calculations. (Robinson et al., 1989) and from 2 to 16 g/l (median about 6 g/l) protein in the sputum in human smokers without symptoms (Holma and Hegg, 1989) . The buffer capacity of 6 g protein/l was 0.004 mol/pH unit (Holma and Hegg, 1989 ), which we accept in our further calculations. Thus, the amount generated by neutralization of proteins is (7-pH) x 0.004 mol/l. The ferret tracheal HCO 3 − concentration (0.013 mol/l, Robinson et al., 1989) Nevertheless, the equilibrium concentrations may still overestimate the decrease in mucus and tissue pH as the concentrations at the receptors are determined by a steady state, which is determined by the flux from the inhaled air into the mucus and epithelial layer, and neutralization, metabolisms and reactions in these layers, as well as a flux from these layers into the blood compartment (Hanna et al., 2001 ). However, as we have not retrieved such results, we tentatively used the equilibrium assumption to obtain an approximate pH in the mucus and tissue layer.
Considerations of acid sensing receptor evaluation to explain the results
The key properties of important acid sensing receptors are summarized to allow comparison with the in vivo effects. Important proton receptors include the acid-sensing ion channels (ASICs) and the transient receptor potential (TRP) vanilloid-1 (TRPV1) ion channel, also known as the capsaicin receptor (Caterina et al., 1997) . Furthermore, intracellular acidification can be sensed by the TRPA1 receptors (Wang et al., 2010 (Wang et al., , 2011 . All three types of receptors are expressed in trigeminal ganglia neurons (e.g. Durham and Masterson, 2013; Wang et al., 2010 Wang et al., , 2011 and thus, are candidates for activation by prolonged exposures to the airborne acids in vivo.
ASIC channels consist of three subunits, constituting a cationic channel with a high permeability to Na + ions. They are sensitive to extracellular protons (Gründer and Pusch, 2015) . ASICs in sensory neurons have maximum activity around pH = 6 (Gründer and Pusch, 2015; Holzer, 2009) . Proton activation of ASICs is a fast process that is followed by desensitization (Gu and Lee, 2011; Holzer, 2009; Lee et al., 2013 ) that need not be complete and thus, in a narrow window may give rise to a sustained activation. For ASIC3, the window was from pH 7.3-6.7 (Gründer and Pusch, 2015; Li and Xu, 2011) ; ASIC3 channels are key receptors for extracellular protons in peripheral tissues (Li and Xu, 2011) .By severe acidosis (pH ≤ 5.0), a much larger transient current was observed, which was followed by a much smaller sustained component (Li and Xu, 2011) . Cutaneous injection of acid in humans caused pain, which was attenuated by the ASIC antagonist amiloride (Li and Xu, 2011) , which indicates in vivo relevance. Overall, ASICs survey moderate decrease in extracellular pH (Holzer, 2009) . TRPV1 is a non-selective cationic cannel with a high permeability to Ca ++ (Caterina et al., 1997 (Caterina et al., , 2000 Mickle et al., 2016 ) that consists of a tetramer of 6-transmembrane segment polypeptide subunits (Mickle et al., 2016) . The channel is activated by extracellular protons at pH < 6 (Caterina et al., 2000; Holzer, 2009; Lee et al., 2013; Mickle et al., 2016) . Also, dorsal root ganglia cells with TRPV1 receptors were activated at pH 5 (Caterina et al., 2000) and thus, it is only activated by severe acidosis (Holzer, 2009 ). The channel activation has a slow onset and a sustained current during proton exposure (Caterina et al., 2000; Gu and Lee, 2011; Holzer, 2009; Lee et al., 2013 ) and thus, it offers an attractive explanation for a sustained response. Furthermore, intraperitoneal injection of acetic, lactic and propionic acid caused a pain reaction, which was attenuated by the TRPV1 antagonist capsazepine (Holzer, 2009) . Also, C-fiber afferents in the guinea pig trachea was stimulated by a buffer with a pH = 5.0 that was abolished by capsazepine (Lee et al., 2013) . Furthermore, inhaled citric acid aerosol and inhalation of other acids, including acetic acid, caused cough at a pH∼1.5-2.5. This was mediated, at least partly, by activation of the TRPV1 receptor (Lee et al., 2013) . However, several in vitro studies with cells transfected with the TRPV1 receptor showed no activation of the receptor by acetic acid (Silver et al., 2006; Wang et al., 2011) . The TRPV1 channels expressed in HEK-293 cells were activated by extracellular saline buffered to pH 5, but addition of acetic acid produced no further activation. Instead, it inhibited the activation due to desensitization of the receptor (Wang et al., 2011) . Also, propionic acid at pH 6.5 did not activate the TRPV1 receptor (Wang et al., 2011) . Apparently, where in vivo activation of the TRPV1 receptor occurred, the pH has to be low. The TRPA1 receptors are activated by intracellular protons. Thus, the TRPA1 receptors can be activated by CO 2 as CO 2 diffuses into the cell cytosol, where it causes intracellular acidification. The activation began at pH∼6.5 and was maximum at pH∼5.5 (Wang et al., 2010) . Recently, a similar mechanism was shown for formic, acetic and propionic acid (Wang et al., 2011) . In HEK-293 cells expressing TRPA1, acetic acid at pH 5 showed a rapid response, which desensitized during the short application period and which could not be evoked by a subsequent acetic acid application due to the desensitization. Furthermore, propionic acid at pH 6.5 activated the TRPA1 receptors, an activation that could not be evoked in trigeminal neuron cultures from TRPA1 knockout mice (Wang et al., 2011) .
We attempted to identify, which of the mentioned receptors may be involved in the in vivo induced responses at the RD0 concentrations. As the different proton sensitive receptors have different, but overlapping windows of sensitivity, there is no sharp limit between activation of the different receptors. Tentatively, we use a cut point for activation of the ASIC and TRPA1 receptors at pH > 5, whereas activation of the TRPV1 receptor requires a more acidic pH, which we set at pH ≤ 5.
Results
Time and concentration-effect relationships
The time-effect relationships are shown for formic, acetic, propionic and butyric acid (Fig. 1) . In normal (non-cannulated) mice, the decrease in respiratory rate reached a stable plateau level after a few minutes of exposure, which was maintained during the remaining part of the exposure period. The decrease in respiratory rate was due to sensory irritation as indicated from the characteristic sensory irritation pattern of the respiration. In the recovery period, the respiratory rate tended to reach the pre-exposure level at low concentrations, whereas at higher concentrations, less or little recovery was observed. In the cannulated mice, the decrease was protracted, but it also reached a stable plateau level. The respiratory patterns showed the characteristic pulmonary irritation pattern. The decrease in respiratory rate in normal mice was more pronounced at the lower exposure concentrations than in the cannulated mice. This is reflected in the ratio between the RD0 value in cannulated and normal mice that is ≥ 15 (Table 2, Fig. 2 ). At the RD50 concentrations, the ratios decrease to between 1.2 and 2.8, and thus, the RD50 values are of the same size in normal and cannulated mice. At the highest concentration the most pronounced decrease was in the cannulated mice at exposure to formic, acetic and propionic acid, whereas sensory irritation was always more pronounced than pulmonary irritation at the butyric acid exposure.
As the log-concentration response relationship in normal mice did not show a skewed upward bending at concentrations where pulmonary irritation was observed in cannulated mice, this indicates that there was no interaction between sensory and pulmonary irritation. This is illustrated by formic acid as an example (Fig. 2) . Thus, in normal mice sensory irritation is the dominating effect of the acids, which may be due to the scrubbing effect of the nose, preventing access to the lungs in the normal mice; a scrubbing effect may be due to the high water solubility (Table 1) of the acids and the neutralization in the mucus layer.
Receptor or receptor compartment properties
The potency (1/RD0) of a member of the homologous acids and the next member of the series [(1/RD0 N+1 )/(1/RD0 N )] increase in mean by about 1.3 ( Table 2 ). As this value is much lower than 2, the receptor compartment cannot be a lipophilic compartment. This suggests that the receptor compartment may be the water phase. Between two homologous acids, the lipophilicity increase by a factor of 2, seen from the Po/g (Table 1 ). Thus, the low increase in potency cannot be explained by anomalous low lipophilicity of the acids.
At the RD0 values, the concentration in the water phase decreases slightly from formic acid to butyric acid. However, the decrease was only minor as the concentration decreased from 0.052 to 0.038 mol/l; i.e. a ratio of about 1.4. Thus, the approximately similar acid concentrations in the water phase at the approximately similar RD0 values suggest that the acid concentration in the water phase may be a key parameter of the sensory irritation effect. To further elucidate the mechanism(s), the pH in a pure water phase in equilibrium with the RD0 values was estimated (Table 3) . However, as these values were considerably lower than the estimated concentrations in the mucus layer, the pH in the mucus layer is used in the further evaluation of the mechanism(s). Formic acid had the lowest pH (below 5) in the mucus, whereas the other acids had a similar pH (above 5) at the RD0s. This suggests that acetic, propionic and butyric acid are equipotent with respect to protons.
Tidal volume
The mean tidal volume in the entire exposure period (Fig. 3) showed no marked exposure-effect in normal mice, which is in contrast to the effect on the respiratory rate. A lack of effect on the tidal volume is in agreement with other investigations of trigeminal effects, which show that the frequency and the tidal volume response need not be related (e.g. Kristiansen et al., 1988; Nielsen and Yamagiwa, 1989) . This is similar to activation of vagal P2ry1 afferents, which selectively decrease the respiratory rate without an effect on the tidal volume (Chang et al., 2015) . Furthermore, the lack of decrease in the tidal volume indicates a lack of central nervous system effects as anaesthesia and asphyxia, which would have decreased the tidal volume. In cannulated mice, the tidal volume increased exposure dependently and the potency seems to decrease from formic acid (most potent) to butyric acid (least potent) (Fig. 3) . The increase in tidal volume in cannulated mice may be caused by an inhibition of the Hering-Breuer reflex (e.g. Molkov et al., 2017) . Such an effect may occur if the acid inhibits the pulmonary stretch receptors due to a high concentration of the acids in the conducting airways as the scrubbing effect of the upper airways is bypassed. As there was no increase in the tidal volume in normal mice, this further indicates that the scrubbing effect of upper airways prevented the access of the acids to the lungs and thereby prevented an effect on the tidal volume.
Discussion
Reproducibility of the bioassay and prediction of Threshold Limit Values (TLVs)
No exposure-response relationships and RD50 values were retrieved for formic, propionic and butyric acids from other studies. However, as several RD50 values exist for acetic acid (Table 4) , these allow evaluation of the reproducibility of mouse bioassay. Our RD50 value, 308 ppm, is in the range of the other reported values. The range of the RD50 values is within a factor of two. This agrees with the general reproducibility of the mouse bioassay that is within a factor of 2-3 using different types of mice and/or determined in different laboratories (c.f. Nielsen and Wolkoff, 2017) .
Sensory irritation is the key effect for setting TLVs for the formic, acetic and propionic acid (ACGIH, 2018); no TLV has been set for butyric acid. As sensory irritation is a key effect, the TLVs may be predicted from the equation: TLV∼0.03 x RD50 (c.f. Nielsen and Wolkoff, 2017) . Overall, the predicted TLVs from the RD50s are in close agreement with the established values (Table 4) , which further substantiates the relationship. The EU has also set an occupational exposure limit for acetic acid (SCOEL, 2012) and for propionic acid (SEG, 1993) , which are similar to the respective TLVs. The predicted value for butyric acid is 9 ppm and thus, in the same range as that of the other investigated acids. We further validated the TLVs from recent human studies to further justify the reliability of the mouse bioassay.
Comparison between TLVs, predicted TLVs and recent human studies
Optimal setting of TLVs for sensory irritation is from workplace experiences and from controlled chamber studies lasting several hours to evaluate a possible trend over time (c.f. Nielsen and Wolkoff, 2017) . The human database for sensory irritation of the four acids is limited, except for few controlled chamber studies with acetic acid (Ernstgård et al., 2006; Dalton et al., 2006) and studies with propionic acid (Hey et al., 2009; Pacharra et al., 2016) .
In the Ernstgård et al. (2006) study, healthy non-atopic volunteers were exposed to 0, 5 and 10 ppm acetic acid for two hours. Subjective symptoms were rated on a 0-100 mm visual analogue scale. The acetic acid smell was the most prominent effect (mean ∼48 mm, corresponding to "rather") by exposure both to 5 and 10 ppm. Nasal irritation at the 5 ppm was approximately similar to that in the 0 ppm group and corresponded to about "hardly at all" (mean∼6 mm). At 10 ppm the nasal irritation was between "hardly at all" and "somewhat"; the response reached a plateau level shortly after onset of the exposure. No relevant exposure dependent effect was observed for pulmonary function parameters, nasal swelling, and eye blinking frequency, and C-reactive protein and interleukin-6 in blood. Thus, the critical effect was sensory irritation and in the low-exposure range no pulmonary irritation was observed. The authors concluded that 10 ppm acetic acid was mildly irritating. As odour masking was not used, the strong odour effect may have increased reporting of sensory irritation symptoms (c.f. Nielsen and Wolkoff, 2017) . Gagnaire et al. (2002) . e Morris et al. (2003) .
For acetic acid, one repeated dose toxicity study was retrieved. Volunteers were exposed in their homes. Airborne acetic acid was generated from 5% acetic acid in water by means of a humidifier placed in the bedroom. Exposures were for 3 weeks followed by different recovery periods. Exposures "produced mild activation in the ocular and nasal mucosa during the first week". The exposure increased the lateralization threshold and decreased the negative mucosal potential; both tests are objective tests for nasal sensory irritation. This suggests decreased peripheral nerve activation over time. Acoustic rhinometry showed a decrease in the nasal minimal cross-sectional area and the intranasal volume, which the authors suggested could be due to increased mucus secretion (Dalton et al., 2006) , which may protects the sensory nerves.
Neurobehavioral distraction by propionic acid was studied by means of four behavioural tests. Volunteers were exposed at 0.3 ppm (considered the odour threshold), 5 ppm, and 10 ppm as the timeweighted average (TWA) concentrations. The 0.3 and 10 ppm concentrations were with constant exposures. At the 5 ppm TWA level, concentrations oscillated between 0.35 and 10.3 ppm. In this group, the reported effect was from the peak level (∼10 ppm). Intensities reported at 5 and 10 ppm were similar on the Labelled Magnitude Scales (LMSs), where the odour intensity exceeded "moderate" and the nasal symptoms (sneeze, prickling, tickling, burning, sharp, pungent and irritation) were all about "weak". In the Swedish Performance Evaluation System (SPES), the ocular and nasal irritation symptoms, and the general, respiratory and pre-narcotic symptoms were in mean between 0 and 0.3 on a scale from 0 ("not at all") and 5 ("very much") with little differences between the three exposure concentrations. In contrast, the olfactory symptoms showed a concentration-dependent effect and rated up to 1.6, and thus, were the dominating effect. Neurobehavioral distractive effects of the odour were mostly absent. The authors concluded that an occupational exposure limit (OEL) of 10 ppm seems to be appropriate (Hey et al., 2009) .
A recent study (Pacharra et al., 2016) was conducted with the purpose to investigate the influence of induced psychosocial stress on sensory effects of propionic acid. Exposures were for 4 h at 0.3 ppm or at an oscillating exposure varying from 0 to 20 ppm with a timeweighted average of 10 ppm. An acute psychological stressor period of 25 min was introduced in the middle of the exposure period. Ratings of chemosensory perception were evaluated by means of LMSs. Nasal and eye irritation symptoms were between "weak" and "moderate". In the SPES, the symptom ratings for ocular and nasal irritation was about 0.7 and the olfactory symptom score about 2-2.3 in the 0-20 ppm group; for scaling, see Hey et al. (2009) . The eye blinking frequency (used as an objective sensory irritation test) was considered to have a NOAEC 10 ppm. It was concluded that psychosocial stress may increase reporting of symptoms, but showed no impact upon the results in four out of six neurobehavioral tests. It is noted that both the LMS intensity ratings and the SPES symptom ratings are higher than the ratings in the Hey et al. (2009) study. This complies with the higher peak exposure in the Pacharra et al. (2016) study.
Thus, both propionic acid studies support a TLV of about 10 ppm. This is further supported by a 15-sec short-term study, where the nasal irritation threshold was suggested to be about 11 ppm in anosmics (Kendal-Reed et al., 1998) although a higher value (25 ppm) has also been reported (Warren et al., 1994) .
Overall, there is a strong concordance between the human data, the TLV and the predicted TLVs from the mouse bioassay for formic, acetic and propionic acid, which supports the set TLVs and also the use of the mouse bioassay for evaluation of sensory irritation effects. Also, if the critical effect for butyric acid is sensory irritation, an OEL of about 10 ppm may be justified.
Type of biological effect
In normal mice, the characteristic of the in vivo sensory irritation response of the four acids was the fast insertion of the response, which was followed by a stable plateau level during the remaining of the exposure period. The response was concentration-dependent. Furthermore, the effect was suggested to be a proton mediated activation of one or more acid sensing receptors situated in a hydrophilic environment.
At in vivo exposure, the decrease in pH passes through a window (pH 7.5 to about 5), indicating that ASIC channels may, at least initially, be involved in the sensory irritation response. Also in this window, the receptors only partly desensitized and therefore may be involved in the sustained response. As the estimated pH in the mucus layer was above 5 for acetic, propionic and butyric acid, ASIC receptors may be involved in the sensory irritation response in the entire exposure period. However, at pH below 5 the receptors desensitized completely and are no longer expected to participate in responses. As the estimated pH was below 5 for formic acid, the role of the ASIC receptors in the sustained response may be limited to the initial part of the exposure period.
The estimated pH in the mucus layer, below pH 5 for formic acid and above pH 5 for acetic, propionic and butyric acid, may suggest an effect on the TRPV1 receptor for formic acid, but not for the other acids. For acetic acid, this may be supported by two behavioural tests conducted in mice. Thus, an aversive response was investigated by presenting the acid on a cotton swab to the animals. Furthermore, a preference test was conducted with two drinking bottles, where the atmosphere around one of the bottles was polluted by the acid whereas the other bottle was in clean air. The responses were similar in wild type and the TRPV1 knock out mice (Saunders et al., 2013) . Additionally, in a 10-min mouse inhalation study with acetic acid at a concentration close to the RD50 (∼300 ppm), the decrease in respiratory rate was similar in wild type mice (TRPV1 +/+ ) and TRPV1 −/ − knockout mice. Furthermore, the TRPV1 antagonist iodoresiniferatoxin did not attenuate the acetic acid induced decrease in the respiratory rate (Symanowicz et al., 2004) . This suggests that the TRPV1 receptor may not be involved in the sensory irritation response to acetic acids and by inference for propionic and butyric acid due to the similar pH in the mucus layer at the RD0 values. Activation of the TRPA1 receptors by acetic and propionic acid is considered to occur at pH ≥ 5. The pH in the mucus layer was estimated to be above 5 for acetic, propionic and butyric acid. As in vivo exposures decrease the pH from about 7.5 to the lower levels, the TRPA1 may, at least initially, be involved in the sensory irritation responses. Due to the fast receptor desensitization in vitro, the role of TRPA1 in the long-term response is not clear.
Acetic acid has also been proposed to induce sensory irritation by an indirect mechanism as the irritation response was attenuated by pretreatment with theophylline, which is a broad-acting adenosine receptor antagonist. At exposures, the nasal epithelial cells may liberate ATP and ATP can be catabolized to adenosine; both compounds are sensory irritants where the sensory irritant effect desensitized completely within the 15-min of an aerosol exposure in mice (Vaughan et al., 2006) . As the in vivo sensory irritation to acetic acid causes a persistent response, the indirect mechanism can only play a role in the initial phase of the exposure-effect.
On the whole, the rapid desensitization of the evaluated receptor from the in vitro studies is not consistent with the sustained response in vivo. This difficulty in extrapolation of the in vitro responses to responses in intact animals has previously been recognized (Symanowicz et al., 2004) .This was further demonstrated by in vitro exposures of trigeminal neuron cell culture to sensory irritants, which were added to the culture medium and where the Ca ++ influx into the neurons were used as a sensory irritant proxy. In this case, there was no clear correlation between the in vitro response and the RD50 values in mice (Lehmann et al., 2016) . Also, there may be redundancy among the sensors although the receptors may survey different spectra of acidic pH, (Holzer, 2009 ). Additionally, there may be an interaction between noxious receptors (Julius and Basbaum, 2001; Mazzone and Undem, 2016), which is not considered. Furthermore, additional receptors can be activated by protons, which are not evaluated (Holzer, 2009) . A further limitation is that the estimated pH in the mucus layer is at equilibrium conditions and not at steady state conditions. Thus, the identified proton receptors involved in the in vivo sensory irritation response have to be considered tentative.
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